The Pseudomonas aeruginosa pbpG gene encoding penicillin-binding protein 7, a homologue of the Eschefichia coli gene encoding a DD-endopeptidase, was cloned and sequenced. pbpG was located immediately downstream of the phenylalanine hydroxylase (phh) operon. DNA sequencing revealed an open reading frame of 936 bp (starting with a GTG codon) which encodes a protein of 34115 Da. N-terminal amino acid sequencing confirmed the presence of a cleavable N-terminal signal peptide of 23 amino acids. Verification that the protein is a penicillin-binding protein was directly demonstrated by labelling with 1251-labelled penicillin X. Inactivation of P. aeruginosa pbpG by interposon mutagenesis resulted in no obvious phenotypic changes, but when P. aeruginosa PbpG was overexpressed in E. coli using a T7 expression system, cell lysis resulted. P. aeruginosa PbpG resembled E. coli PbpG in being associated with the membrane fraction. Two additional members of the PbpG subfamily were identified in the database. P. aeruginosa PbpG shows 63% identity with E, coli penicillin-binding protein 7 (PbpG) and 60% identity with Vibrio cholerae PbpG, but only 23 YO identity with Haemophilus influenzae PbpG. The PbpG subfamily and three other subfamilies constituting the lowmolecular-mass PBP protein family were analysed by multiple alignment of 26 sequences. PbpG exhibited the consensus motifs of other penicillin-binding proteins. Ten anchor residues were identified that are conserved at the family level within the superfamily of serine-active-site penicillin-interacting proteins.
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The murein (peptidoglycan) sacculus is a shapedetermining structure in bacterial cell walls that consists of a complex polymer made up of polysaccharides and peptides (Van Heijenoort, 1996) . The murein sacculus is located in the periplasmic space and is essential for maintenance of the integrity of the cytoplasmic membrane. It is intimately related to The GenBank accession number for the nucleotide sequence reported in this paper is U62582. (Waxman & Strominger, 1983) . In endospore-forming bacilli the sacculus also plays a crucial role in the morphogenetic processes of endospore formation and germination (e.g. Murray et al., 1997 and references therein) . Elongation of the sacculus during growth is a dynamic process requiring an appropriate balance of formation and hydrolysis of cross-links. Highmolecular-mass penicillin-binding proteins (PBPs) possess a transglycosylase domain, which participates in new cross-linking, and a transpeptidase domain. Lowmolecular-mass PBPs are DD-peptidases of two types. DD-Carboxypeptidases cleave between two D-alanines, thus facilitating the interpeptide cross-linking between an activated terminal D-alanyl moiety of one subunit and meso-diaminopimelate of another subunit. DD- Endopeptidases hydrolyse the latter interpeptide crosslinks.
The transpeptidase domain of high-molecular-mass PBPs and the DD-peptidase enzymes (low-molecularmass PBPs) possess a common active-site serine residue associated with a configuration of conserved motifs found in P-lactamase (Ghuysen, 1991 ; Ghuysen & Dive, 1994) . PBPs covalently bind penicillin or penicillin derivatives, a property which has facilitated their detection with labelled penicillin following SDS-PAGE.
Escherichia coli produces at least 11 (la, lb, lc, 2,3,4, 5,6,6b, 7 and 8) PBPs (Baquero et al., 1996) . Among the low-molecular-mass PBPs, three (PBPS, PBP6, and PBP6b) are DD-carboxypeptidases, whereas PBP4 and PBP7 are DD-endopeptidases.
Although PBP8 of E. coli is also a DD-endopeptidase it has recently been shown to result from processing of PBP7 by the outer-membrane protease OmpT (Henderson et al., 1994) . Evidence was obtained suggesting the processing to be an in uitro artifact caused by abnormal contact of these proteins following cell disruption. The gene encoding PBP7 in E. cob, pbpG, was recently cloned (Henderson et al., 1995) .
PBP7 has been reported to be a target for p-lactam antibiotics that have the unusual property of lysing nongrowing E. coli cells (Tuomanen & Schwartz, 1987 ). An increased resistance of E. coli to cephaloridine and ceftazidime has been correlated with increased expression of PBP8 (Malouin et al., 1991) . PBPs of Pseudomonas aeruginosa have received relatively little attention, even though j?-lactam antibiotics have been among the few that have proven effective in treating infections caused by this notorious opportunistic pathogen. At least six PBPs in P. aeruginosa were described in an early study in which the electrophoretic pattern of PBPs roughly resembled that of E. coli (Noguchi et al., 1979) . However, the low-molecularmass counterparts of E. coli PBP6 and PBP7 were not definitively detected. The most comprehensive recent work in P. aeruginosa has been with the high-molecularmass PBP species, PBP3 (Liao & Hancock, 1995) and PBP3x (Liao & Hancock, 1997) . These are both homologues of E. coEi PBP3. Although they may be catalytically redundant, P. aeruginosa PBP3 and PBP3x probably have specialized roles, since they are differentially regulated (Liao & Hancock, 1997) .
In this paper we present molecular-genetic data supporting the existence of pbpG in the P. aeruginosa genome, encoding a homologue of E. coli PBP7. A comparative analysis of four known PBP7 proteins in the context of their membership in the family of lowmolecular-mass PBPs is presented.
METHODS

Materials.
Bacterial strains and plasmids used in this study are described in Table 1 . The LB formulation (Sambrook et al., 1989 ) was used as growth medium for both E. coli and P. aeruginosa. Pseudomonas isolation agar (Difco) was used for isolating P. aeruginosa p6pG knockout mutants. Additions of ampicillin (100 pg ml-l), chloramphenicol (40 pg ml-l), tetracycline (25 pg ml-') and mercuric chloride (15 pg ml-') were made when required. Ampicillin was never used in growth media when penicillin-binding proteins were to be assayed.
Agar was added at 20 g 1-1 for preparation of solid medium.
Restriction enzymes, T 4 DNA ligase, DNA modifying enzymes (New England Biolabs), and Taq DNA polymerase (Perkin-Elmer) were used as recommended by the suppliers. Other biochemicals were purchased from Sigma. Inorganic chemicals (analytical grade) were from Fisher Scientific.
DNA manipulations and protein assays. Procedures for general DNA manipulation, including plasmid purification, subcloning and restriction analysis were conducted by standard methods (Sambrook et al., 1989) . DNA fragments were purified from agarose gels with a Geneclean kit (BiolOl). Protein concentrations were estimated by the use of Bradford reagent (Bradford, 1976 ).
Expression and labelling of PBPs. For overexpression of PbpG in E . coli, we used the T7 expression system (Novagen). The coding region of pbpG was placed into a translational fusion vector (pETlla). The coding region was amplified using PCR with the upper 30mer primer 5'-TTCCATATGAGAAACC-GTCTCCTGTCACTG-3' (a built-in NdeI site is underlined and the translational start codon is in bold) and the lower 18mer primer (RJ 105) 5'-CTTCGCGACGGATCAGCG-3' (complementary to nucleotides 1504-1521). The PCR fragment was first cloned into the SmaI site of pUC18 and was subsequently excised with NdeI and BamHI. The latter fragment carrying the pbpG gene was then ligated with pETlla digested with NdeI and BamHI, to create the PbpG overexpression plasm id,.^ JS87. To avoid the toxicity resulting from PbpG overexpression, the BglII-BamHI fragment from pJS87 carrying the pbpG gene was cloned into the low-copynumber plasmid pACYC184, to create pJS89S.
PBP labelling of whole-cell extracts and visualization by SDS-PAGE was performed as described previously (Henderson et al., 1994) .
Procedure for osmotic shock. Osmotic shock was performed by a procedure similar to that described by Neu & Chou (1967) . E. coli BL21(DE3)/pJS87 was grown in LB broth supplemented with 100 pg ampicillin ml-l to an OD,,, of about 1. Expression of PbpG was then induced by adding 0 4 mM IPTG. Cells were harvested after 2 h induction by centrifugation at 12000 g for 15 min at 4 "C. The cell pellets were washed with 0.85% NaCl and resuspended in 20% sucrose:30 mM Tris/HCl (pH 7-3) at room temperature at a ratio of 80 ml sucrose:Tris to 1 g cells (wet weight). EDTA was added to a concentration of 1 mM. After 10 min of mixing at room temperature, the cells were pelleted by centrifugation at 4 "C. The cell pellets were resuspended in 0.5 mM MgCl, at 0 "C and mixed on ice for 10 min. The cells were removed by centrifugation, and the supernatant was collected as the osmotic fraction. The shocked cells were sonicated and the cytoplasmic and membrane fractions were prepared as described below. Preparation of cytoplasmic and membrane fractions. Cells grown in LB broth until the late-exponential stage were harvested by centrifugation at 12000 g for 15 min at 4 "C. The cell pellets were resuspended in 30 mM Tris/HCl (pH 7 3 ) , and sonicated for 2 x 30 s with a Labline sonicator. Cell debris and unbroken cells were removed by centrifugation at 3000 g for 10 min at 4 "C. The supernatant was centrifuged at 150000g for 65 min at 4 "C. The pelleted membranes were washed and resuspended in the same buffer. The supernatant is referred to as the cytoplasmic fraction. (Nakai & Kanehisa, 1991) . 
RESULTS
Cloning and sequencing of p6pG
The original clone isolated by Zhao et al. (1994) is shown in Fig. 1 . Both upstream and downstream flanking regions of the phhABC operon were originally regarded as candidate locations for regulatory genes because presence or absence of these flanking regions in subclone derivatives influenced the expression levels of genes in the phh operon. Indeed, the upstream region proved to house a positively acting regulatory gene, phhR (Song & Jensen, 1996) . Elevated expression of p6pG in the downstream region was found to be deleterious to growth, causing cells to be prone to lysis.
Hence, the negative effect of p6pG on expression of phh operon genes was indirect. Fig. 1 shows the subclone construct (p JS6) used for nucleotide sequencing. pbpG utilizes a GTG start codon. The possible use of ATG start codons further upstream was discounted because of the presence of tandem stop codons (TAG TGA). An AGTGAG hexamer provides a putative ribosome-binding site with suitable spacing (8 nucleotides). The 134 nucleotide region between the terminator following the phh operon and the ribosome-binding site ahead of p6pG was examined in an attempt to identify a likely promoter, but possible promoters corresponding to consensus sequences for 070, 054 or oE were all too marginal to merit speculation. The deduced mature PbpG protein is positively charged and exhibits a calculated isoelectric point of 10.37. It possesses only a single cysteine residue.
Downstream of p6pG is a convergently transcribed gene (yaeJ) of unknown function. However, it is a homologue (52% identity) of a 15.6 kDa protein in E. coli which is transcribed immediately ahead of nplE (cutF) , both apparently belonging to a common operon (Gupta et al., 1995 (Parales & Harwood, 1992) . The truncated C-terminal portion of P. aeruginosa YaeJ has a high content of basic amino acids and only few acidic amino acids (8K, 8R, 2D, OE). Of the 16 basic residues in P. aeruginosa YaeJ, 9 are identical conserved residues in all three YaeJ homologues. The extreme positive charge of these proteins is consistent with DNA-or RNA-binding properties and a regulatory function. Since yae] is transcribed convergently with p6pG in P. aeruginosa, the gene organization in this region differs from that of the closely related P. putida. Only 22 bp separate the stop codons of the convergently transcribed p6pG and yae] genes. The mechanism used for transcript termination in this region would be of interest. Several potential stem-loop structures span this intergenic region. Yae J possesses two regions that have been reported to show significant homology to peptide chain release factors in prokaryotes (Gupta et al., 1995) .
Su bcel I u la r location of Pb pG PpbG was overexpressed in E. coli BL2l(DE3)/p JS87 using the T 7 expression system (Novagen). PpbG was readily visible as a prominent band of the expected size following SDS-PAGE of samples from whole-cell lysates Overexpression and subcellular location of P. aeruginosa PbpG in E. coli BLZl(DE3) using the T7 expression system. Proteins in whole-cell lysates or subcellular fractions were separated on SDS-12% PAGE gels. Lane M, molecular-mass standards; Lanes: 1, whole-cell lysate BL21 (DE3)/pJS87 in the absence of IPTG induction; 2, whole-cell lysate of BL2l (DE3)/pJS87 following induction with 0.4 mM IPTG; 3, cytoplasmic fraction of BL2l (DE3)/pJS87 prepared from an IPTGinduced culture; 4, membrane fraction of BL21 (DE3)/pJS87 prepared from an IPTG-induced culture.
( Fig. 2, lane 2) . Osmotic shock experiments were done using cyclohexadienyl dehydratase as a positive control for periplasm localization (Zhao et al., 1993) . It was qualitatively apparent from the SDS-PAGE analysis that little or no PbpG was present in the periplasmic fraction.
An IPTG-induced culture strongly expressing PbpG in whole-cell lysates (Fig. 2, lane 2) was fractionated into a cytoplasmic fraction and a membrane fraction (as described in Methods). Fig. 2 shows that most or all PbpG was located in the membrane fraction (lane 4), and not in the cytoplasmic fraction (lane 3).
PbpG protein overproduced in E. coli BLZl(DE3)/p JS87 was first isolated in the membrane fraction and then separated from other membrane proteins by SDS-PAGE. The gel was then blotted onto a PVDF membrane (BioRad) and stained with Coomassie brilliant blue R-250 (Sigma). The band corresponding to PbpG was excised from the membrane and used for N-terminal amino acid sequencing. The N-terminal amino acid sequence obtained (SPPPKA) confirmed the existence of a signal peptide. The 23-residue signal peptide deduced from the nucleotide sequence (MRNRLLSLVTLFLSLSVATAV-SA) fulfils the three standard criteria for cleavable signal peptides (Nakai & Kanehisa, 1991) . Direct confirmation that P. aeruginosa PbpG is a penicillin-binding protein on the classical criterion is shown in Fig. 3 . Lane 3 shows the absence of E. coli Pbp7/8 in a pbpG mutant. Overexpression of P. aeruginosa p6pG in this mutant background is apparent from the appearince of high protein levels in the general electrophoretic positions of E. coli Ppb7/8. Bands corresponding to at least eight PBP species are evident in lysates prepared from wild-type P. aeruginosa PAO-1 (lane 5). The identity of the bottom band as PpbG was confirmed by results obtained with strain JSl05, which carries an interposon mutation within p6pG (lane 6).
The P. aeruginosa PbpG band in lane 5 of fig. 3 appears to have a lower molecular mass than the E. coli Pbp8 species. This would be consistent with cleavage of 37 Cterminal amino acids by the OmpT protease at the RR residues marked in Fig. 4 . O n the other hand, overexpression in the BL21(DE3) system (which lacks a functional OmpT) yielded a protein of the expected size (Fig. 2) .
Physiological effects of perturbation of PbpG levels
As noted earlier, the original clone p JZ9 (Fig. 1) resulted in a tendency for the host cells to lyse. When PbpG was overproduced in E. coli BL21 (DE3) /p JS87, obvious cell lysis began 2 h after IPTG induction, with progressively more marked lysis thereafter. O n the other hand, when p6pG was inactivated in a P. aeruginosa knockout mutant, no phenotypic changes were observed in growth rate, survival or colony morphology on minimal saltsglucose medium or an enriched medium (LB).
DISCUSSION
The PbpG subfamily P. aeruginosa PbpG appears to resemble E. coli PbpG, its nearest known homologue. We have located two other p6pG sequences in the database. Of these, Vibrio cholerae p6pG is quite similar to the foregoing two, whereas H . influenzae p6pG is the most divergent of the four. E. coli PbpG is membrane associated, but has been shown not to be an integral membrane protein (Romeis & Holtje, 1994) . It can be dissociated from membranes in high salt and released by osmotic shock. P. aeruginosa PbpG is also membrane associated. Although PSORT analysis indicates a potential membrane-spanning region between residues 60 and 77, this is highly unlikely, since this region encompasses an established active-site motif (SxxK) for the PBP family. E. coli PbpG possesses a KK target for OmpT (residues 296-297) which generates Pbp8 as a processing artifact (Henderson et al., 1994) . P. aeruginosa PbpG possesses an RR target for OmpT (residues 273-274) which also appears to generate a carboxy-cleaved gene product. As is the case in E. coli (Henderson et al., 1995) inactivation of p6pG produces no obvious phenotype under ordinary conditions of laboratory culture. However, overexpression of P. aeruginosa PbpG in E. coli was not tolerated, and dramatic cell lysis occurred.
As illustrated by the dendrogram in Fig. 4 , the PbpG subfamily is closer to the DacA-F subfamily. However, the catalytic specificity of the PbpG subfamily is more similar to that of the DacB subfamily. Therefore, we compared the sequences of the latter two subfamilies for regions that might be conserved. Only two regions were found. One region provides the motif S/TGLS (corresponding to residues 163-166 of P. aeruginosa PbpG).
The other motif is SxNxxA (corresponding to residues 121-126 of P. aeruginosa PbpG).
The low-molecular-mass PBP family
Multiple homologues of the low-molecular-mass PBPs are often present in a single organism. Such protein families are called paralogues and presumably arose from a series of gene duplications. Sequencing of the entire genome of a growing number of prokaryotes is complete or nearly complete, thus allowing recognition of the total complement of PBP paralogues in such organisms. Escherichia coli and Bacillus subtilis represent widely divergent phylogenetic groupings in which PBPs have been intensively studied. Each exhibits three paralogues in what we will term the DacA-F cluster, although the B. subtilis paralogues are much more divergent. Each organism also exhibits a paralogue Fig. 4 . Multiple alignment of low-molecular-mass PBPs. The alignment was generated using the PILEUP program of the GCG package (Genetics Computer Group, 1995) . The dendrogram generated is shown a t the upper left. The five E, coli paralogues are shown in bold type. Immediately to the right of the dendrogram are our individual PBP designations, accession or contig numbers (with original designations in parentheses), last residue number of signal peptide prior to cleavage (1) and beginning residue number shown in the multiple alignment. At the far lower right is given the number of the final residue presented followed (slash) by the number of the final sequence residue. Residues that are highly conserved within any one of the four clusters compared are printed in bold type. Solid bars join residues that are highly conserved between a given pair of groups. Grey bars indicate less highly conserved residue groupings. Asterisks mark anchor residues conserved throughout the entire family of low-molecular-mass PBPs. (Lower-case letters within the SxN and KTG motifs of PBPs from Vch-PbpG and Spy-DacA, respectively, are probably errors which can be expected because of the preliminary status of these genome sequencing projects.) A serine residue just prior to the SxN motif (corresponding to P. aeruginosa PbpG S,,,) is conserved in each of the subgroups, but imperfectly aligned. The possibility that these serine residues are functionally equivalent is indicated by the double-bent lines between subgroups. The vertically divergent arrow shown within the DacB cluster indicates the region which was manually deleted to optimize the The extent to which the major groupings shown in Fig.  4 represented by the latter two organisms (Fig. 4) corresponds to another functionally specialized DD-endopeptidase cluster. DD-Endopeptidase function is also known to exist in E. coli for MepA, a non-homologue of PBPs. In E. coli the DD-endopeptidase activity appears to be due to redundant catalytic activities of DacB and PbpG, while DD-carboxypeptidase activity appears to be due to the redundant catalytic activities of E. coli DacA, DacC and DacD. In E. coli PbpG has been shown to constitute up to 30% of the total penicillin-binding proteins (Dougherty et al., 1996) .
T . S O N G a n d OTHERS
Signature amino acid motifs
Members of the superfamily of serine-active-site penicillin-interacting proteins which includes the PBPs and /I-lactamases share three major motifs : SxxK, S/YxN and K/HT/SG. At the family level within the superfamily, one can expect expanded motif signatures built around the invariant anchor residues. In the lowmolecular-mass PBP family the first motif is 6 9 A S~~K~~T 7 7
(superfamily anchor residues are in bold ;
residue numbers are according to the E. coli PbpG sequence), as seen in Fig. 4 . At lower hierarchical clustering levels, an expanded signature may typify a given cluster. For example, the signature for the DacB cluster is ASxxKxxTxxAA.
The second motif is 127S~N(~)35G165. If the DacB group is excluded, the remaining three clusters share the signature G165. Just prior to the SxN motif is a conserved serine residue (l15S in E. coli PbpG) which although imperfectly aligned between groups may be functionally equivalent.
The third major signature motif for low-molecular-mass PBPs is 234KTGS/T237. A fourth motif is a peptide segment having one or two dicarboxylic acids between the SxN and KTG motifs. Henderson et al. (1995) speculated that residue lsoD might serve this function in E. coli PbpG. Fig. 4 shows this and surrounding residues to be indeed highly conserved in all clusters except the DacB cluster. The motif is 177S/TA~D180. motif 1 2 7 S~N~A (x) 4A (x) ,F (x) 3M( x) 7G (x)
